We report on a photoelectron spectroscopic study of monovanadium oxides, VO x Ϫ (xϭ1 -4), at four photon energies: 532, 355, 266, and 193 , but much more broadened. The adiabatic electron affinities of VO, VO 2 , VO 3 , and VO 4 are measured to be 1.229 ͑8͒, 2.03 ͑1͒, 4.36 ͑5͒, and 4.0 ͑1͒ eV, respectively, with a significant increase from VO 2 to VO 3 . The electronic and geometrical structures of the series of monovanadium oxide species are discussed based on the current observation and previous spectroscopic and theoretical results.
I. INTRODUCTION
Transition metal oxides are of interest from both an experimental and theoretical point of view. Experimentally, properties of the metal-oxygen bond are crucial for the understanding of the chemisorptive and catalytic properties of metal oxides. Particularly, vanadium oxides are of considerable importance in catalysis and the investigation of the vanadium-oxygen chemical bonding would be highly valuable. Theoretically, molecules containing transition metals have been rather challenging due to the open d shells. Simple transition metal oxide molecules provide ideal systems for accurate theoretical treatments, and experimental spectroscopic information on these systems will be important in this endeavor.
Except for the VO molecule, very few studies have been carried out on the VO x molecules. Vanadium monoxide is very important in astrophysics, because it is the second in abundance after TiO in the spectra of metal-rich M-type stars and has been extensively studied. [1] [2] [3] [4] [5] [6] [7] [8] [9] The ground state of VO is known to be a quartet state (X 4 ⌺ Ϫ ). 7 The X 4 ⌺ Ϫ -A 4 ⌸, X 4 ⌺ Ϫ -B 4 ⌸, and X 4 ⌺ Ϫ -C 4 ⌺ Ϫ band systems have been observed for VO from the stellar spectra at 1055, 790, and 574 nm, respectively. Recently, lifetime measurements of the A 4 ⌸, B 4 ⌸, and C 4 ⌺ Ϫ electronic states were performed using population probing of resonant two-photon ionization in a molecular beam. 6 However, the excitation energies of doublet excited states are much less characterized even though several emission systems involving doublet-doublet transitions have been observed and analyzed. 2 The quartet nature of the VO ground state prevents direct optical transitions between the ground state and any doublet excited states.
The VO 2 Ϫ and VO 3 Ϫ anions have been observed in the vapor of vanadium oxide at temperatures between 1200 and 1500 K. 10 The enthalpies of formation for VO 2 Ϫ and VO 3 Ϫ and the electron affinity ͑EA͒ of VO 2 were estimated from the equilibrium constants. Recently, an electron spin resonance ͑ESR͒ study was reported on VO, VO 2 , and VO 3 in neon matrix at 4 K, in combination with an ab initio theoretical study. 11 The ESR study shows that VO 2 has a C 2v structure with a 2 A 1 ground state. The VO 3 Ϫ anion was suggested, from a HF-SCF calculation, to have a planar D 3h structure with a VO distance of 1.601 Å. 12 However, the recent ab initio calculation indicates that neutral VO 3 has a C 2v symmetry, due to a Jahn-Teller distortion. 11 A superoxovanadium VO 4 species was suggested to be observed in photo-oxidation of V͑CO͒ 6 in low-temperature matrices. 13 While this work is in progress, a Fourier transform infrared ͑FTIR͒ matrix investigation has been reported for VO, VO 2 , VO 4 , and V 2 O 2 .
14 Bulk VO 2 is a nonmagnetic insulator and a technologically important material. There is a phase transition at 341 K from rutile-type VO 2 ͑a poor metal͒ to a monoclinic semiconductor. Since this phase transition is ultrafast, VO 2 can be used in optical switching devices, electrical switches, optical memory devices, bolometric-type light detectors, critical temperature sensors, and infrared spatial light modulators. [15] [16] [17] [18] The VO 4 unit in condensed phase has also attracted much attention because of its important role in oxovanadium catalysis. 19 In condensed phase, the pseudotetrahedral oxovanadium group has three basal-plane oxygens and a terminal, double-bonded oxygen. Recently, well-defined absorption, emission, and Raman spectra of the vanadium oxide species have revealed new electronic structure information for the pseudotetrahedral oxovanadium. 20 The study of transition metal oxide species in the gas phase by photoelectron spectroscopy ͑PES͒ offers a unique opportunity to probe the electronic structure of the isolated molecules. Dyke et al. reported the first PES of neutral VO, 8 and obtained information about the ground and excited states of VO ϩ . 9 We are most concerned with the electronic structure and spectroscopy of neutral species. Photodetachment PES of anions provides a unique technique for this purpose. [21] [22] [23] [24] [25] [26] [27] [28] [29] In this paper, we report the first systematic study on the monovanadium oxides, VO x (xϭ1 -4), and the determination of their EAs. For VO, we observe five lowlying excited states, including two new doublet states. For both VO 2 and VO 3 , we observe distinct low-lying excited states from the PES spectra of VO 2 Ϫ and VO 3 Ϫ , which are interpreted using the available ab initio calculations. Our PES spectrum of VO 4 Ϫ shows broad features, indicating a significant geometric change from the anion to the neutral. Our results provide electronic structure information on the isolated VO x species and will be valuable to compare with future ab initio studies in order to thoroughly understand the V-O chemical bonding.
II. EXPERIMENT
The VO x Ϫ species are generated by pulsed laser vaporization of a pure vanadium target into a pulsed helium carrier gas seeded with a small amount of O 2 . The plasma reactions between the laser vaporized vanadium atoms and the oxygen form the VO x Ϫ species, which are entrained into the helium carrier gas and expanded through a 2 mm diameter nozzle into the source vacuum chamber to form a supersonic cluster beam. VO Ϫ is produced more easily at the lowest O 2 concentration, and a trace amount of oxygen on the surfaces of the target and the stainless steel nozzle is enough to produce abundant VO Ϫ . If we use helium mixed with even 0.05% O 2 as a carrier gas, the mass spectrum is dominated by the VO 2 Ϫ and VO 3 Ϫ species. The magnetic-bottle time-of-flight ͑MTOF͒ photoelectron spectrometer used for this study has been described in detail previously. 30, 31 Briefly, the negative clusters are extracted from the collimated cluster beam after one skimmer at 90°and are mass analyzed by a TOF mass spectrometer. The anions of interest are selected by a pulsed mass gate and decelerated by a momentum decelerator before crossing with a detachment laser beam in the MTOF interaction zone. The photoelectrons are collected by the magnetic-bottle at nearly 100% efficiency and are energy-analyzed by their time of flight in a 3.5 m long TOF tube. In the current work, a Q-switched Nd:YAG laser ͓532 nm ͑2.33 eV͒, 355 nm ͑3.49 eV͒, and 266 nm ͑4.66 eV͔͒ and an ArF excimer laser ͓193 nm ͑6.42 eV͔͒ are used for photodetachment. At 4.66 and 6.42 eV, spectra are taken at 20 Hz with the cluster beam off at alternating shots for background subtraction. The electron TOF spectra are converted to electron kinetic energy distributions, calibrated by the known spectra of Cu Ϫ , and smoothed with a 5 meV square window function. The kinetic energy spectra are subtracted from the respective detachment photon energies to obtain the electron binding energy spectra presented. The resolution of the spectrometer is better than 30 meV at 1 eV kinetic energy. Therefore the best resolution is obtained when low photon energies are used. However, high photon energies allow more deeply bonded electrons to be probed and are necessary for clusters with high oxygen content due to their high EAs. Figure 1 shows the PES spectra of VO Ϫ at four photon energies. The 532 nm spectrum exhibits two intense vibrational progressions ͑X and a͒ with well-resolved vibrational structures and a very weak feature at low binding energy (XЈ). Three more weak features beyond the 532 nm photon energy are revealed at the 355 nm spectrum. The feature at 3.079 eV is shown more clearly in the 266 nm spectrum, which also seems to reveal more transitions at higher binding energies, but no definitive assignments can be made due to the poor signal-to-noise ratio. The vibrational progression of the a band is observed to exhibit remarkable changes at 266 nm: the intensity of the vϭ1 peak is decreased while that of the vϭ2 peak is strongly enhanced. Such intensity changes suggest that there may be overlapping electronic states whose detachment cross sections are dependent on photon energies. The 193 nm spectrum supports this suggestion and shows even more dramatic intensity changes in the region of the a band, even though the resolution and count rate are poor at 193 nm. The weak feature at the low binding energy (XЈ) is most likely due to an electronic excited state of the VO Ϫ anion. HB in Fig. 1 represents the hot band transitions due to the vibrationally excited states of the VO Ϫ anion, shown most clearly in the 532 nm spectrum. The binding energies of the observed electronic states and the obtained spectroscopic constants are listed in Table I . The assignments will be discussed below. Figure 2 shows the PES spectra of VO 2 Ϫ at four photon energies. The 532 nm spectrum displays a simple vibrational progression (X). There is also a weak feature (XЈ) and a broad unresolved feature (XЉ) at the low binding energy side. The 355 nm spectrum shows an extra, albeit weak and broad, feature (A) at the high binding energy side beyond the energy range accessible in the 532 nm detachment energy. The intensity of this feature (A) seems to be enhanced in the 266 nm spectrum, which reveals yet another feature (B) at the high binding energy side although the statistics of this feature are poor due to the presence of noise in the high binding energy range. The intensities of the A and B features appear to become even stronger in the 193 nm spectrum, which reveals yet another feature (C) at the high binding energy side. Thus from 532 to 193 nm each higher photon energy reveals successively a higher binding energy feature. The resolution for the X feature is seen to deteriorate significantly from 532 to 193 nm due to the increasing electron kinetic energies. The XЈ and XЉ features become only shoulders in the high photon energy spectra. It is also interesting to observe that the intensity of the A feature shows such strong photon energy dependence. The XЈ and XЉ features, which show weak dependence on source conditions but cannot be quite completely eliminated, are attributed to excited states of the VO 2 Ϫ anion. The observed binding energies and spectroscopic constants are listed in Table II for VO 2 and  VO 2 Ϫ . The A, B, and C bands are all quite broad without any resolved fine features and their binding energies can only be estimated. The detailed assignments of the VO 2 Ϫ spectra will be discussed below. Figure 3 displays the PES spectra of VO 3 Ϫ at 266 and 193 nm, as well as the spectrum of VO 4 Ϫ at 193 nm. The VO 3 Ϫ anion exhibits such high binding energy that the 266 nm photon is barely enough to detach it and the 266 nm spectrum only shows an onset of the VO 3 Ϫ spectrum. At 193 nm, three rather surprisingly sharp and well separated detachment features are revealed. Because the VO 3 Ϫ anion can be produced rather abundantly, its PES spectrum is the easiest to take and gives the best signal-to-noise ratio at 193 nm. The VO 4 Ϫ anion can be produced but with much less abundance compared to VO 3
III. RESULTS

Ϫ
. Thus the VO 4 Ϫ spectrum shows poorer signal-to-noise ratio, displaying four rather broad features (X,A,B,C). VO 4 Ϫ also has very high electron binding energies similar to VO 3 Ϫ . The X, A, and B features of VO 4 Ϫ seem to be similar to the three features of VO 3
. The observed binding energies for VO 3 Ϫ and VO 4 Ϫ are summarized in Table III . The binding energies for VO 4 Ϫ can only be estimated due to the broad nature of the spectrum. Figure 4 summarizes and compares all the spectra for VO x Ϫ (x ϭ1 -4). In the following, we will discuss each species in detail.
IV. DISCUSSION
A. VO and VO
؊ VO is one of the better studied transition metal monoxide molecules after TiO due to its importance in astrophysics. Its electronic structure and spectroscopy are relatively well known and have been reviewed by Merer in 1989 along with other diatomic 3d transition metal oxides. 1 It has also been investigated in several theoretical studies. 7 The ground state of VO is well established to be a quartet state, X 4 ⌺ Ϫ , with an electronic configuration of 3 4 configuration can be eliminated based on two observations. First, the occupation of the 1␦ orbital loses the exchange energy which is known to be important. 7 This makes the occupation of the 1␦ orbital unfavorable. Second, the 1␦ orbital is nonbonding and the PES of the VO neutral gives a single 0-0 transition without any Franck-Condon factors ͑FCFs͒ for the higher vibrational levels when the 1␦ orbital is ionized. 8 We expect that the detachment of the 1␦ electron should similarly yield a single 0-0 peak. However, the first PES band of VO Ϫ shows a vibrational progression with significant FCFs for the higher vibrational levels, suggesting that there is a bond-length change between the anion and the neutral ground state. The occupation of the 9 orbital can also be eliminated. This orbital is a bonding one and its occupation has been shown to enhance the VO bonding as in the 2 ⌬(9 2 1␦ 1 ) state, which has a bond length even shorter than the VO ground state. 2 The VO Ϫ anion is more weakly bonded than the neutral ground state, as suggested by the smaller vibrational frequency of the anion ͑Table I͒. , which is consistent with the position of the A 4 ⌸ state from ͑2͒ ͑Table I͒. Its intensity is also enhanced at the 266 and 193 nm spectra, consistent with detaching a ␦ electron. The feature observed at 2.78 eV is assigned to the B 4 ⌸ state due to the detachment of the single 9 electron. The derived excitation energy of 12 500 cm Ϫ1 is in excellent agreement with the known value of the B 4 ⌸ state ͑Table I͒. A further higher energy feature, which is observed more prominently in the 266 nm spectrum ͑Fig. 1͒ is assigned to a 2 ⌽ state from ͑2͒. This feature has very low intensity at the 355 nm spectra and its intensity is enhanced with photon energy. This photon en- ergy dependence is similar to that of the AЈ 4 ⌽ and A 4 ⌸ states, which are derived from the same configuration, and is consistent with detaching a ␦ electron.
The weak feature at 0.42 eV, labeled as XЈ in Fig. 1 14 They estimated a ЄO-V-O angle of 118Ϯ3°and measured the 1 and 3 vibrational frequencies to be 946.3 and 935.9 cm
Ϫ1
, respectively. In an earlier mass spectrometry experiment, Rudnyi et al. measured the enthalpy of formation of VO 2 Ϫ and estimated the EA of VO 2 to be 2.3Ϯ0.2 eV. 10 With the above information, we can analyze and understand the VO 2 Ϫ PES spectra shown in Fig. 2 .
The occupied valence molecular orbitals of VO 2 are 8a 1 2 5b 2 2 1a 2 2 9a 1 2 3b 1 2 6b 2 2 10a 1 1 (X 2 A 1 ). 11 The 10a 1 orbital is primarily of V 3d character; all the other orbitals involve primarily the O 2 p orbitals. The 10a 1 and 3b 1 orbitals correlate with the ␦ orbital in the linear OVO and the 1a 2 and 5b 2 correlate with the orbital in the linear OVO, as mentioned above. In the anion, most likely, the extra electron occupies the 10a 1 orbital, giving a closed-shell ground state for the VO 2 Ϫ anion (X 1 A 1 ), consistent with its high enthalpy of formation and stability in the gas phase.
10 Then within the single particle approximation, detachment from each filled orbital of VO 2 Ϫ will yield one band in the PES spectrum which should be straightforward to interpret.
As shown in Fig. 2 , the 532 nm spectrum of VO 2 Ϫ exhibits a well-resolved vibrational progression with a frequency of 970 cm
, which is in good agreement with the 1 frequency (946.3 cm
) measured for VO 2 in the matrix FTIR experiment.
14 This progression corresponds to the ground state (X 2 A 1 ) of VO 2 and is due to the detachment of a 10a 1 electron. The 1 vibrational progression suggests that there is a slight V-O bond-length change between the anion and neutral ground state. Very little bending vibration is observed as seen from the sharp 1 peaks ͑the bending vibration would broaden the 1 peaks since its frequency is probably too small to be resolved͒, suggesting that there is little O-V-O angle change between the anion and neutral ground state. This is consistent with the nature of the 10a 1 orbital, which is of mainly 3d character. The 0-0 transition at 2.03͑1͒ eV defines the adiabatic EA for VO 2 , suggesting that the EA estimated previously was inaccurate and too high. 10 Besides the main vibrational progression, there are more features at the low binding energy side in the 532 nm spectrum. These are possibly due to hot band transitions, but cannot be attributed to hot bands entirely since similar sequence bands are not observed on the high binding energy side. Therefore we attribute these features to be from electronic excited states of the VO 2 Ϫ anion. The lowest binding energy feature at 1.72 eV is quite sharp, yielding an excitation energy of 0.31 eV for the anion excited state. A similar electronic excited state of the anion has been observed in VO Ϫ , as seen in Fig. 1 . The low binding energy features could also be due to V͑O 2 ͒ Ϫ complexes. Similar M͑O 2 ͒ Ϫ complexes are common for the late transition metal atoms. 22, 28 However, this kind of complex seems to be less likely for the early transition metals due to the strong M-O bonding. For example, the V͑O 2 ͒ complex was not observed in the previous matrix studies. 11, 14 Therefore we think that the features that we observe are more likely to be due to electronic excited states of the OVO Ϫ anion. In the higher photon energy spectra of VO 2 Ϫ ͑Fig. 2͒, three more features are revealed, which are due to the detachment of deeper valence orbitals and correspond to excited states of the VO 2 molecule. All these higher energy features show broadbands without any resolved vibrational structure, suggesting that there are significant geometry changes between the anion ground state and the excited states of VO 2 . These changes are most likely in the ЄO-V-O bond angle such that the 2 mode is active, leading to the broad detachment bands. The bond angle change is consistent with the fact that all these features are due to detachment from orbitals involving the O2p. It is interesting to observe that the second detachment band near 2.6 eV shows very strong photon energy dependence. We assign this feature to the A 2 B 1 state, as suggested in the previous ESR experiment. 11 Our estimate of 0.6 eV for the excitation energy is in reasonable agreement with that found in the ESR experiment. The A 2 B 1 state is due to the detachment of an electron from the 3b 1 orbital of VO 2 Ϫ . The enhancement of the detachment cross section with photon energy for this detachment channel is consistent with the fact that the 3b 1 orbital corresponds to a component of the ␦ orbital in the linear OVO case. 32 We assign the two higher energy features at 4.0 and 4.6 eV to the two excited states, B 2 B 2 and C 2 A 2 , respectively, as predicted in the previous ab initio calculations. 11 The overall assignments are shown in Fig. 2 : 8a 1  2 5b 2  2 9a 1  2 1a 2  2 6b 2  2 3b 1  2 10a 1  1 if the calculated excited states are correct. However, calculations of excited states are known to be rather difficult. Our assignments of the excited states according to the existing calculations should probably be viewed as tentative, pending confirmation by more accurate calculations.
C. VO 3 and VO 3
؊
The electron binding energy of VO 3 Ϫ is observed to increase dramatically compared to that of VO 2
Ϫ
. We obtain an adiabatic EA of 4.36 eV for VO 3 , which is more than twice as much as that of VO 2 ͑Tables II and III͒. The 266 nm spectrum of VO 3 Ϫ only reveals a fairly narrow peak due to the detachment transition to the ground state of VO 3 without any resolved vibrational structure ͑Fig. 3͒. The 193 nm spectrum of VO 3 Ϫ shows two more features at binding energies of 4.95 and 5.15 eV. All the three detachment transitions in VO 3 Ϫ give fairly sharp features, suggesting that the VO 3 Ϫ anion and VO 3 neutral both have very similar geometries. The narrow features in the VO 3 Ϫ spectra are in sharp contrast to those in the VO 2 Ϫ spectra ͑Fig. 4͒, where both stretching and bending vibrations are shown to be active.
The high EA of VO 3 can be easily understood because the V atom only has five valence electrons and the additional electron in the anion will make VO 3 Ϫ a closed-shell molecule, thus stabilizing the extra electron. This suggest that VO 3 is open-shell with an unpaired electron which is most likely on the O atoms. The above observation is consistent with the recent ESR experiment by Knight et al. 11 They observed an ESR signal which shows a 51 V hyperfine splitting about ten times smaller than that in VO 2 and tentatively attributed it to VO 3 . Their ab initio calculations support the assignment to VO 3 , yielding a planar (C 2v ) VO 3 with an unpaired electron ͑a 2 B 2 ground state͒. The calculations show that VO 3 has a short V-O bond ͑1.576 Å͒ along the C 2 symmetry axis and two equivalent longer V-O bonds ͑1.677 Å͒ off the C 2 axis with a smaller ЄO-V-O angle of 110.6°. The unpaired electron in the X 2 B 2 ground state of VO 3 is predicted to occupy a molecular orbital (7b 2 ) of mainly 2p z character on the two off-axis O atoms. In the anion, the extra electron enters into the 7b 2 orbital to give the closed shell VO 3 Ϫ ( 1 A 1 ) anion. Therefore only the bending vibration involving the two offaxis O atoms is expected to be active in the detachment of a 7b 2 electron. This is consistent with our observation of the first detachment feature ͑X 2 B 2 , Fig. 3͒ , showing no V-O stretching vibration which would be easily resolvable. Any bond angle change between the anion and neutral is likely to be rather small since no extensive bending vibration is observed as indicated by the rather narrow detachment peak (X 2 B 2 ). The next two molecular orbitals of VO 3 , as given by the ab initio calculations, are 12a 1 and 6b 2 which are both of mainly O2p character. We assign the two higher binding energy features in the PES spectrum of VO 3 Ϫ to the detachment of an electron from these two orbitals, respectively, giving the two low-lying excited states of VO 3 : A 2 A 1 and B 2 B 2 , as shown in Fig. 3 and Table III . It is surprising that the A and B detachment features are also rather sharp with little resolved vibrational excitation, meaning that there are no significant geometry changes between the VO 3 Ϫ anion and the two excited states of VO 3 . This suggests that VO 3 is a rather rigid and stable molecule. There is very little known about the VO 3 molecule except the work by Knight et al.
VO 3
Ϫ was observed in the previous mass spectrometric work, 10 but the VO 3 molecule was not observed in the recent FTIR experiment of VϩO 2 .
14 Our results suggest that the VO 3 Ϫ anion is also likely to have a C 2v structure, the same as the neutral. This is in contrast to the previous HF-SCF calculation which suggests that the VO 3 Ϫ anion has a planar D 3h structure.
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D. VO 4 and VO 4
؊ Surface-dispersed vanadium oxide catalysts are composed of pseudotetrahedral VO 4 oxovanadium groups ( -O 3 VϭO), whose electronic structure has been extensively investigated and debated due to its important role in catalysis. 20 It has a C 3v structure with a terminal VvO bond; the three basal O atoms are bonded to the substrates. The isolated VO 4 species has never been observed in the gas phase and is unlikely to adopt the C 3v structure as on the surfaces. In two previous matrix IR experiments, 13,14 the VO 4 species has been observed and proposed to contain a VO 2 unit and a peroxo-O 2 ͑ 2 ͒ unit ͑Fig. 5͒. The IR experiments show that the OVO angle of the VO 2 unit in this VO 4 species is nearly identical to that in VO 2 itself.
The V atom has five valence electrons and the VO 4 species is O-excess or electron-deficient. We have studied similar O-excess oxide species previously, such as in FeO 4 , 24 CuO 3 , 26 and Al 2 O 5 . 27 In these O-excess metal oxide species, the peroxo unit is very common to accommodate the additional O atoms, and all exhibit very high EAs. We observe that the VO 4 species behaves similarly. The PES spectrum of VO 4 Ϫ is similar to that of VO 3 Ϫ , but much broader. Our estimated EA of about 4.0 eV for VO 4 is quite high, suggesting that the valence molecular orbital where the extra electron resides in VO 4 Ϫ is most likely composed of the O2 p-type orbitals similar to that in VO 3 Ϫ . The broad features observed in the VO 4 Ϫ PES spectrum indicate that there are significant geometry changes between VO 4 Ϫ and VO 4 , in particular, the VO 4 ground state which gives a very broad band ranging from about 3.9 to 4.7 eV ͑X in Fig. 4 E. Electronic and structural evolution from VO to VO 4 Vanadium has four principal oxides: VO, V 2 O 3 , V 2 O 4 , and V 2 O 5 with oxidation states of vanadium ranging from ϩ2 to ϩ5. 33 The maximum oxidation state of ϩ5 originates from the five valence electrons of the V atom. The chemical bonding between V and O is extremely strong with both covalent and ionic characters. 7 We can view the series from VO to VO 3 as a sequential oxidation in which the oxidation state of V increases from ϩ2 in VO to ϩ5 in VO 3 . VO 3 is interesting because six electrons are needed to saturate the valences of the O atoms, making VO 3 Ϫ a closed-shell species with an extremely high electron binding energy. The numbers of unpaired electrons in the VO x species correlate with this trend, with three in VO and one in VO 2 all on the V atom. The ESR experiment shows that VO 3 also has an unpaired electron, but mostly on the O atoms. 11 In VO 4 , there are not enough valence electrons so that the molecule contains a superoxo -O 2 unit. 13, 14 In the condensed phase, the VO 4 unit is very common, but it has a Ϫ3 formal charge state as VO 4
3Ϫ
. 34 Therefore the V-O interactions involve strong ionic bonding character.
The structures of the VO x series of species are also interesting. The VO diatomic has a bond length of 1.589 Å and is viewed theoretically as a triple bond due to strong interactions between the O long pair and the empty d orbitals on the V atom. 7 As obtained from ab initio calculations by Knight et al., 11 the VO 2 molecule has a C 2v structure with a V-O bond length of 1.653 Å and ЄO-V-O angle of 110.5°. The V-O bond length in VO 2 is longer than that in the VO diatomic and can be viewed as a VvO double bond. Most interesting are the structures of VO 3 and VO 4 , both containing a VO 2 unit nearly identical with that of VO 2 itself in terms of both the V-O bond length and ЄO-V-O bond angle. The axial V-O bond length in VO 3 , as obtained by Knight et al. is 1.576 Å, 11 which is even shorter than that in the VO diatomic, indicating the axial V-O bond can be characterized as a triple bond. The off-axis V-O bonds are shown to have a bond length of 1.667 Å and a ЄO-V-O angle of 110.6°, almost the same as in VO 2 itself. Our PES spectrum suggests that the VO 3 Ϫ anion has nearly identical geometry to the neutral. The VO 3 Ϫ anion has been suggested to have a planar D 3h structure, 12 which is not consistent with our observation that there is little geometry change between the anion and the neutral. In VO 4 , the O 2 unit can replace either the triple bonded O or one of the double-bonded O atoms. The matrix IR spectrum of VO 4 shows that the VO 4 molecule contains a VO 2 unit nearly identical to that of VO 2 itself, 14 suggesting that the O 2 unit in VO 4 replaces the triplebonded O atom in VO 3 . The structures of the VO x (xϭ1 -4) species are schematically summarized in Fig. 5 . This series of oxide molecules exhibits rather interesting and unusual structural and bonding properties. More systematic ab initio theoretical studies seem to be warranted.
V. CONCLUSIONS
In conclusion, we have reported the first PES spectra for a series of monovanadium oxide species, VO x Ϫ (xϭ1 -4). We have obtained the electron affinities and direct spectroscopic and electronic structure information for the corresponding neutral species. For the VO Ϫ , the PES spectra reveal two low-lying doublet electronic states that are not known from previous optical spectroscopy. Vibrationally resolved spectra are obtained for the ground state of VO 2 . Three low-lying excited states of VO 2 Ϫ are interpreted using previous ab initio calculations for the VO 2 and VO 3 neutrals, which are predicted to have C 2v structures. Our PES results imply that the VO 2 Ϫ and VO 3 Ϫ anions also have C 2v structures similar to the neutrals. The VO 4 molecule is also shown to have a rather high EA and the spectrum of VO 4 Ϫ shows similarities to that of VO 3 Ϫ , but is much more broadened. The electronic and geometrical structures of the series of VO x oxide species exhibit an interesting trend and more systematic and accurate ab initio calculations would be desirable to completely understand these simple monovanadium oxide species.
